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Introduction
Organic light-emitting devices (OLEDs) have become particularly attractive because of their promising application, which offers advantages of low driving voltage, low power consumption, high contrast, wide viewing angle, low cost, and fast response. They are now emerging as the leading candidate among the many technologies under development for next-generation flat panel displays and solid state lightings. Today, various emission colors, including the three primaries of blue, green and red, can be obtained at high luminance levels, so these devices can be used in flat panel full color displays.
The doping technique has been widely used for fabricating OLEDs in order to improve device characteristics or to change the emission color. Doping the light emitting layer with appropriate fluorescent or phosphorescent dopants can tune the emission color or enhance the electroluminescence (EL) efficiency and the stability, compared with the undoped devices [1, 2] . The 5,6,11,12-tetraphenylnaphthacene (Rubrene) is one of the most useful red dopants extensively studied because of its higher photoluminescence quantum yield, which could enhance the efficiency and improve the stability of OLEDs [1] [2] [3] [4] [5] [6] [7] [8] [9] While the doping via co-evaporation of host material and dopant is controlled very difficult the process is unacceptable in large-scale manufacturing of devices for commercialization. In 2005, Wang reported that OLEDs with better performance could be obtained by the deposition of an ultra thin dopant layer between hole-transporting and electroluminescent layer [3] . This idea was first used by Tang in 1989 [1] and later by Li [4] , Hao [5] and Beierlein [6] for the investigation of recombination and emission zones. OLEDs with ultra thin Rubrene layer also have been fabricated by Shi [7] . The enhancement of Rubrene's emission could be ascribed as an organic quantum well structure's trap effection [7] .
In our previous paper we investigated the novel Zn complexes -acetylacetonate zinc 2-(2-hydroxyphenyl)benzothiazole (AcacZnBTz), zinc bis(2-(2-hydroxynaphtyl)benzothiazole) (Zn(NBTz) 2 ), zinc bis(2-(2-hydroxyphenyl) benzothiazole) (Zn(BTz) 2 ) as electroluminescent and electron transporting layers for OLED [10] . We have established that the novel Zn complexes are very promising for the development of OLEDs. In this paper we investigate the influence of the thin film of Rubrene inserted into green emitting electroluminescent layer of Zn(BTz) 2 on the chromaticity tuning and the basic characteristics of OLEDs.
Experimental
We investigated conventional structure: ITO/HTL/EL/M, where ITO was a transparent anode of Devices with area 1cm 2 were prepared on commercial polyethylene terеphtalate (PET) substrates coated with ITO (40 Ω/sq). The HTL of PVK:TPD film was formed by spin-coating 0.75 % solutions of PVK in dichloroethane containing 10 w% (relatively to PVK) of TPD at 2000 rpm. Layers of Zn(BTz) 2 (75 nm), Rubrene (1 nm) and Al cathode (120 nm) were prepared by thermal evaporation in vacuum better than 10 -4 Pa at rates 0.2 -0.5 nm/s. The rates of the depositions were controlled with a quartz crystal thickness monitor. In the investigated structure PET substrate, PVK, TPD and Rubrene were purchased from Aldrich, the electroluminescent compound Zn(BTz) 2 was synthesized in the Department of Applied Organic Chemistry at Sofia University by T. Deligeorgiev [11] .
All measurements were performed at room temperature and under ambient atmosphere, without any encapsulation. The photoluminescence (PL) spectra were obtained by Spectrofluorimeter Perkin Elmer MPF 44, and the electroluminescence (EL) spectra by Ocean Optics HR2000+ spectrometer. The current-voltage (I-V) curves were measured by programmable with Labview power supply. The luminescence (L) was measured in continuous DC mode and the light output was detected using a calibrated Hamamatsu silicon photodiode S2281-01. The electroluminescent efficiency (η L ) was calculated by equation (1) It is seen that inserting of Rubrene increases the current and the luminescence of the devices for each x except for x=75 nm, where the layer is placed to cathode. At the same time the increase of the distance from x(0) to x(10) from the (PVK:TPD)/Zn(BTz) 2 interface decreases the electroluminescent efficiency, however for x(10) to x(70) increases η L . Devices with x(15) and x(70) nm exhibit higher electroluminescent efficiency than the reference Zn(BTz) 2 in the whole interval of luminescence (figure 2 c). The best characteristics had the devices with x(15) and x(70) -at 15 V showed luminescence 375 and 1100 cd/m 2 , respectively, corresponding to electroluminescent of 5.0 and 5.5 cd/m 2 . The intensity of the luminescence was 1.5 and 4 times higher and the electroluminescent efficiency η L 1.75 and 2 times higher compared with the reference devices. Figure 3 shows absorption and photoluminescence spectra (PL) of evaporated film (100 nm) of Zn(BTz) 2 , absorption of evaporated (100 nm) film and PL Rubrene dissolved in C 2 H 4 Cl 2 , and electroluminescence spectra (EL) of the reference device: (PVK:TPD)/Zn(BTz) 2 (75)/Al; (PVK:TPD)/Rubrene(64)/Zn(BTz) 2 (10)/Al at 20V. The PL peak wavelength of Zn(BTz) 2 is at 486 nm, but EL is red shifted to 531 nm. The data obtained for PL of Zn(BTz) 2 are quite close to the results reported by Wu (480 nm) [8] and Qureshi (485 nm) [9] . However while Wu showed that PL and EL spectra are basically similar, Qureshi found that the EL spectra are function of the thickness of Zn(BTz) 2 . He reported for 95 nm thick film EL at wavelength of 528 nm, which agrees with our results. The PL and EL peaks for Rubrene are at 566 nm. The absorption spectrum of Rubrene shows bands at 462, 492 and 528 nm (curve 4) (the same values are reported by Zeng [12] ) and overlaps the EL of Zn(BTz) 2 .
The normalized EL spectra of the devices (PVK:TPD)/Zn(BTz) 2 (x)/Rubrene(1)/Zn(BTz) 2 (75-x)/Al at 20 V, where x nm (0 ≤ x ≤75) is the distance between Rubrene layer and (PVK:TPD)/Zn(BTz) 2 interface are shown in figure 4 . As expected, the emission is due to both Rubrene and Zn(BTz) 2 . When Rubrene layer is close to the (PVK:TPD)/Zn(BTz) 2 (x→0) or Zn(BTz) 2 /Al (x→75) interfaces the spectrum exhibits an emission peak at 566 nm and shoulder at 530 nm. This indicates that predominantly Rubrene emission is present -recombination of carriers, i.e., excitons formation and/or excitons diffusion, took place mainly at the Rubrene layer. With increasing the distance between Rubrene layer and both interfaces (x→35 nm) the full-widths at half-maxima (FWHM) of EL spectra are widened, the relative intensity of the Rubrene emission is lower and the shapes of spectra are gradually shifted toward emission of pure Zn(BTz) 2 . The 25 nm red shift of EL spectra of the doped devices was observed in comparison with the spectrum of pure Zn(BTz) 2 . Obviously the resulting EL spectra are the superposition of Zn(BTz) 2 and Rubrene emission and can be deconvoluted as shown in figure 5 . The relative Rubrene electroluminescence intensity obtained from EL spectra presented in figure 4 are shown in figure 6 . For comparison, in the same figure are presented the results for η L at 200 cd/m 2 obtained from figure 2(c). It is seen that the trend of both curves is quite similar.
It is believed that EL of dye-doped OLEDs can be described via two approaches. One is so-called direct carrier trapping (DCT) process where the dye molecule directly captures charge carrier transported from the host emissive material, then the light emission of the dopant takes place when opposite carriers encounter each other on the dye molecule and recombine thereafter. The other approach is energy transfer (ET) process, i.e., the dopant molecule does not capture carriers but accepts energy released from host excitons through Forster ET and reaches its exciting state. The important requirements for the DCT-dopant is that the energies of the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) are located within those of the host material, while for the ET-dopant is required that the absorption spectrum of the dopant overlaps the PL or EL spectrum of the host. In our case both processes are possible, because the energy gap of Zn(BTz) 2 (3.00 eV) is broader than that of Rubrene (2.26 eV) (see figure 1 ) and the absorption spectrum of Rubrene overlaps the EL spectrum of Zn(BTz) 2 (figure 3). On the basis of the results we suppose that the DCT mechanism is more probable, because ET process cannot explain the increase of the Rubrene electroluminescence intensity for x >50 nm.
In Zn(BTz) 2 reference device the recombination zone is near to (PVK:TPD)/Zn(BTz) 2 interface, because electrons are accumulated there (LUMO Zn(BTz)2 is higher 0.3 eV then LUMO PVK:TPD ). When Rubrene layer is inserted in Zn(BTz) 2 , electrons start to accumulate preferably at Rubrene/Zn(BTz) 2 interface (LUMO Rubrene is higher 0.5 eV then LUMO Zn(BTz)2 ). When x becomes large, the Rubrene captures electrons from the cathode because the mobility of holes is 2 orders of magnitude smaller than that of electrons. The numbers of electrons and holes accumulated at the Rubrene site and PVK:TPD/Zn(BTz) 2 interface, respectively, rapidly increase since they have no opposite charges to recombine with. While concentration of accumulated carriers are large enough, two forces drive 2 and are transported towards the cathode until they reach the dopant area. Here they recombine with accumulated electrons and, consequently, the light emission from the dopant is also observed in EL spectrum. Consequently, we can conclude that the position of inserted Rubrene layer has a significant impact on carriers recombination and/or excitons diffusion area in Zn(BTz) 2 host layer. It could be stressed that a good correlation was established between the dependences of luminescent efficiency and the relative intensity of Rubrene peak on the position of inserted layer. Two times higher efficiency η L was found for the devices with Rubrene layer inserted at x(15) and x(70) from (PVK:TPD)/Zn(BTz) 2 interface where the relative electroluminescence intensity of Rubrene peak is also higher.
